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ABSTRACT 


A  commercially  available  tetragonal  zirconia  polycrystal  ceramic  containing 
20  w/o  a-Al203  was  examined  for  potential  use  in  advanced  engines.  Room  tempera¬ 
ture  strength  and  toughness  were  determined,  as  well  as  the  static  fatigue  life 
between  800°C  and  1200°C.  All  of  these  properties  were  determined  before  and 
after  a  100  hour  exposure  at  1000°C.  The  room  temperature  flexure  strength  was 
1838  MPa  before  exposure  and  it  decreased  23%  after  exposure.  The  toughness  was 
»S  MPa*/m  and  did  not  change  with  the  exposure.  Static  fatigue  testing  revealed 
that  fracture  below  1100°C  was  due  to  the  cracks  created  during  machining.  At 
1100°C  and  higher  slow  crack  growth  became  the  dominant  failure  mechanism.  Over¬ 
all,  the  high  temperature  static  fatigue  life  is  better  than  yttria-tetragonal  zirconia 
polycrystal  materials  without  AI2O3  but  it  still  does  not  meet  the  strength-at-tempera- 
ture  requirements  (>800  MPa  at  982°C)  for  use  in  advanced  engines. 
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FOREWORD 


The  work  described  in  this  report  was  supported  by  the  U.S.  Army  Materiel  Command 
under  the  D650  Program:  Exploitation  of  Foreign  Technology,  Project  No.  89148.  The 
project  has  two  objectives: 

•  To  evaluate  a  commercially  available  ceramic  composite,  which  consists  of  tetragonal 
zirconia  (Zr02)  polycrystals  (TZP),  and  alumina  (AI2O3),  for  potential  use  in  the  next 
generation  of  advanced  heat  engines. 

•  To  examine  the  phenomenon  of  superplasticity  which  occurs  in  this  material. 

This  report  focuses  on  the  first  objective. 


ui 


INTRODUCTION 


Previous  work^  has  shown  that  tetragonal  zirconia  polycrystal  materials,  partially 
stabilized  with  yttria  (Y2O3),  (Y-TZPs)  can  have  toughness  and  strength  values  as  high  as 
7  MPa*Vm  and  1100  MPa,  respectively.  The  excellent  toughness  is  due  to  the  stress- 
assisted  transformation  of  the  metastable  tetragonal  (t)  phase  to  the  stable  monoclinic  (m) 
phase.  The  high  strength  is  due  to  a  combination  of  the  fine  grain  size  of  the  material 
and  the  transformation. 

Despite  having  these  excellent  properties  Y-TZP  materials  are  not  being  used  for  struc¬ 
tural  applications  due  to  a  significant  decrease  in  properties  after  long-term  exposure  to 
elevated  temperatures,^'^  at  elevated  temperatures  under  stress,^’^  and  after  exposure  to 
200°C  to  300°C  in  the  presence  of  water  vapor.^'®  In  ail  three  cases  the  loss  of  tough¬ 
ness  and  strength  is  related  to  a  decrease  in  the  amount  of  t-Zr02  present.  The  mecha¬ 
nisms  which  cause  the  reduction  in  t-Zr02  vary  based  upon  the  environmental  conditions 
and  are  discussed  in  detail  in  the  reference  papers. 

During  the  past  five  years  studies  at  TOSOH  Corporation  (formerly  Toyo  Soda 
Manufacturing  Company)  have  shown  that  the  addition  of  a-Al203  to  a  Y-TZP  can  signifi¬ 
cantly  improve  the  strength  but  with  a  loss  in  toughness.^' It  was  found  that  a  maxi¬ 
mum  strength  of  2400  MPa  (determined  from  three-point  flexure)  and  a  toughness  of 
6  MPA*Vm  could  be  achieved  when  20  to  30  vol%  a-Al203  was  added  to  the  Y-TZP.^ 

Lange  reported  that  there  are  several  factors  which  affect  the  transformability  of 
the  tetragonal  zirconia  grains:  the  stabilizer  content,  the  grain  size,  and  the  matrix 
forces  which  constrain  the  grains.  In  this  composite  it  is  believed  that  the  addition  of 
the  a-Al203  enhances  the  rigidity  of  the  matrix  (MOEAI2O3  **406  GPa  versus  MOEy-TZP 
»210  GPa).  The  enhanced  rigidity  increases  the  critical  stress  necessary  to  initiate  the 
tetragonal-to-monoclinic  transformation,  thus  increasing  the  overall  strength.  The  reduction 
in  toughness  is  simply  due  to  the  decrease  in  the  volume  fraction  of  t-Zr02.^^’^^ 

This  report  summarizes  a  study  to  examine  the  effects  of  long-term  exposure  at 
1000°C  on  the  room  and  elevated  temperature  properties  of  a  Y-TZP  containing  20  w/o 
a-Al203. 


MATERIAL 

The  material  evaluated  in  this  study  was  produced  by  TOSOH  Corporation  of  Tokyo, 
Japan  using  TOSOH  TZ-3Y20A  "Super  Z"  zirconia/alumina  powder.  The  powder  was 
formed  into  billets  6”  x  6"  x  0.5"  in  size  through  a  sinter/hot  isostatic  press  (HIP)  process. 
Primary  sintering  was  done  at  asl400°C  followed  by  HIPing  at  ®sl500°C.  The  composition 
of  the  powder,  according  to  company  literature,  is  75.7  w/o  tetragonal  zirconia  (partially 
stabilized  by  4.2  w/o  yttria)  with  20  w/o  a-alumina.  Typical  impurity  content  is  as  follows: 
Si02  (0.01  w/o),  Fe203  (0.005  w/o),  and  Na20  (0.007  w/o).  Pertinent  properties  reported 
by  the  manufacturer  are  listed  in  Table  1. 
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Table  1.  MANUFACTURERS  ROOM  TEMPERATURE 
PROPERTY  VALUES 


Density  (g/cc) 

5.5 

Young's  Modulus  (GPa) 

260 

Flexure  Strength*  (MPa) 

2400 

Fracture  Toughnesst  (MPa*Vm) 

6 

Hardness  (kg/mm^ 

1470 

*Three-point  flexure  strength  (specimen  size  3  mm  x 
4  mm  X  40  mm,  test  span  30  mm) 

TMicroindentation  method 


EXPERIMENTAL  PROCEDURE 

Billets  of  the  "Super  Z"  material  were  obtained  and  machined  into  type  "B"  flexure  bars 
(3  mm  X  4  mm  x  50  mm)  according  to  MIL-STD-1942A.  The  bulk  density  of  each  bar  was 
determined  by  measuring  the  mass  and  geometry,  and  a  pulse-echo  ultrasonic  technique  was 
used  to  determine  the  modulus  of  elasticity  (MOE).  Half  of  the  bars  were  then  heat  treated 
for  100  hours  at  1000°C.  Heat  treatments  were  done  in  air,  at  laboratory  ambient  humidity, 
in  an  unstressed  condition  on  silicon  carbide  knife  edges  for  uniform  thermal  treatment,  llie 
knife  edges  supported  the  bars  well  outside  the  test  area  to  assure  that  any  reactions  would 
have  no  effect  on  the  property  evaluation.  The  density  and  MOE  were  again  measured  after 
the  heat  treatment.  Strength,  toughness,  and  the  static  fatigue  behavior  at  elevated  tempera¬ 
tures  were  determined  before  and  after  the  heat  treatment. 

Room  temperature  strength  was  determined  using  four-point  flexure  tests,  as  outlined  by 
MIL-STD-1942A,  with  inner  and  outer  spans  of  20  mm  and  40  mm,  respectively,  and  a  cross¬ 
head  speed  of  0.5  mm/min.  The  mean  strength  was  determined  based  upon  a  minimum  of 
five  bars  from  each  condition.  The  fracture  surfaces  of  each  bar  were  examined  optically  and 
selected  bars  were  examined  with  a  scanning  electron  microscope  (SEM)  in  an  attempt  to  char¬ 
acterize  the  strength-limiting  flaw(s).  Fractographic  analysis  was  carried  out  according  to 
Reference  13. 

The  "effective"  fracture  toughness  (Kc)  was  measured  by  subjecting  five  bars  per  condition  to 
the  Vickers  indentation-strength  technique  outlined  in  Reference  14  using  a  10  kg  indentation 
load.  Prior  to  indentation,  one  4  mm  x  50  mm  face  of  each  bar  was  polished  to  a  finish  of 
2-microinch  RMS  or  better.  This  was  done  to  remove  any  existing  machining  damage.  The  bars 
were  broken  in  four-point  flexure  immediately  after  indentation  to  minimize  any  environmental 
effects.  Each  bar  was  then  examined  to  be  sure  that  the  fracture  did  occur  at  the  indent. 

Stepped-temperature  stress-rupture  (STSR)  testing  was  used  to  analyze  the  static  fatigue  life 
of  the  material  tetween  800°C  and  1200°C.  STSR  testing  was  done  following  the  procedure  out¬ 
lined  by  Quinn  and  Katz.'^  This  type  of  test  allows  for  rapid  screening  of  the  materials  static 
fatigue  life  over  a  wide  range  of  temperatures  while  only  using  a  small  number  of  bars. 

The  linear  intercept  method was  used  to  determine  thfe  average  grain  size.  This 
method  was  applied  to  SEM  micrographs  of  specimens  which  were  thermally  etched  at 
1650°C  for  15  minutes. 
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The  type  and  amount  of  zirconia  phases  present  were  determined  using  X-ray  diffraction 
with  CuKa  radiation  over  an  angular  range  of  25°  to  40°  20.  The  surface  fraction  of  mono¬ 
clinic  zirconia  and  the  fraction  of  tetragonal-plus-cubic  zirconia  was  calculated  using  the  equa¬ 
tions  and  constants  from  Reference  2  which  take  into  account  the  difficulty  in  deconvoluting 
the  tetragonal  (101)  and  cubic  (111)  peaks. 

RESULTS  AND  DISCUSSION 


Room  Temperature  Properties 

The  room  temperature  properties,  before  and  after  heat  treatment,  are  summarized  in 
Table  2.  All  properties  listed,  with  the  exception  of  the  flexure  strength,  are  in  excellent 
agreement  with  the  values  reported  by  the  manufacturer  and  do  not  change  after  the  long¬ 
term  exposure. 


Table  2.  PROPERTY  VALUES  DETERMINED  IN  THIS  STUDY 


Property 

AR* 

AHTt 

Density  (g/cc) 

5.5 

5.5 

Young's  Modulus  (GPa) 

258 

259 

Mean  Flexure  Strength  (MPa) 

1838 

1493 

Standard  Deviation  (MPa) 

308 

59 

Weibull  Modulus 

6 

24 

Fracture  Toughness  (MPa*Vm) 

5 

5 

Knoop  Hardness  (300  g  load)  (kg/mm^ 

1476 

1483 

*AR  =  As-receivecI 

tAHT  =  After  Heat  Treatment 


The  strength  discrepancy  between  the  manufacturer's  value  and  as-received  value  obtained 
in  this  study  is  s23%.  This  can  be  accounted  for  by  the  different  test  methods  and  speci¬ 
men  sizes  that  were  used.  Weil  and  Daniel  provided  a  statistical  method,  based  upon  the 
Weibull  distribution,  of  comparing  strength  values  obtained  from  different  test  methods  and/or 
specimen  sizes. 

Assuming  the  material  follows  this  distribution,  the  effect  of  specimen  size  on  the 
strength  can  be  obtained  from  Equation  1. 


where  a  is  the  mean  strength,  m  is  the  Weibull  modulus,  Ve  is  the  effective  volume,  Se  is 
the  effective  surface  (prismatic),  and  1  and  2  represent  the  different  specimen  geometries. 
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If  volume  flaws  dominate,  then  the  effective  volume  ratio  is  used  on  the  right-hand  side 
of  the  Equation  1.  If  surface  flaws  control  the  strength,  then  the  effective  surface  ratio  is 


used.  Ve  and  Se  must  be  calculated  according  to  Equations  2  through  5. 

For  three-point  flexure:  Vc  =  V/[2(m+l)^]  (2) 

(center-point  loading) 

Se  =  [L/(m-t-l)]  [{H/(m-H)}+B]  (3) 

For  four-point  flexure:  Ve  =  V(m-f-2)/[4(m+i)^]  (4) 

(l/4-point  loading) 

Se  =  (L(m-l-2)/2(m-l-l)]  ({H/(m-H)}-l-B]  (5) 


where:  L  =  length  of  the  outer  span,  H  =  specimen  height,  B  =  specimen  base,  and 
V  =  volume  of  the  material  tested  within  the  outer  span. 

From  Reference  9  the  manufacturer’s  strength  was  determined  with  a  three-point  flexure  con¬ 
figuration  of  3  mm  X  4  mm  x  30  mm.  The  Weibull  modulus  value  used  in  these  calculations  is 
6,  which  was  obtained  from  the  room  temperature  strengths  determined  in  this  study.  For  either 
flaw  type  the  four-point  flexure  strength  should  be  ^24%  lower  than  the  three-point  value.  This 
is  an  excellent  agreement  with  the  actual  value.  It  does  not,  however,  allow  for  the  determina¬ 
tion  of  which  flaw  type  controls  the  strength. 

The  difference  between  the  as-received  strength  and  the  strength  after  heat  treatment  is 
due  to  a  change  in  the  surface  compressive  stresses  which  are  introduced  during  machining. 
Studies have  shown  that  machining  or  grinding  of  partially  stabilized  zirconia  causes  the 
tetragonal-to-monoclinic  transformation  which  introduces  a  conmressive  stress  on  the  surface. 
These  stresses  can  be  quite  large,  as  shown  by  Green,  et  al.,^^  who  measured  residual  stresses 
of  »-l  GPa  on  the  surface  of  a  40%  Al203/^%  Zr02  composite.  Preliminary  analysis  to 
determine*  the  residual  stresses  in  this  material  was  done  by  applying  the  sin^  ^  technique  to 
X-ray  diffraction  results  that  were  obtained  with  CrKa  radiation.  The  stresses  ranged  from 
-123  MPa  to  -318  MPa  for  the  as-received  condition  and  decreased  to  between  -83  MPa  and 
-218  MPa  after  heat  treatment.  At  elevated  temperatures  thermal  relaxation  of  these  stresses 
is  expected  but  studies  ’  have  shown  that  it  is  a  time-dependent  process  even  at  tempera¬ 
tures  as  high  as  1600°C.  The  time-dependent  aspect  is  attributed  to  microcrack  healing  that 
must  occur  before  all  of  the  m-Zr02  is  retransformed  and  the  stresses  are  relieved.^ 

X-ray  diffraction  results  provide  further  support  for  the  relaxation  of  the  stresses  and 
retransformation  of  the  Zr02.  The  results  showed  the  monoclinic  Zr02  content  on  the  sur¬ 
face  to  be  »9%  in  the  as-received  case,  but  after  heat  treatment  there  was  no  detectable 
monoclinic  Zr02.  This  indicates  that  a  sufficient  amount  of  stress  was  relieved  to  enable  the 
monoclinic  Zr02  to  transform  to  the  tetragonal  phase. 

Fractography  revealed  that  for  all  specimens  (in  both  conditions)  the  strength-limiting  defect 
was  a  crack  created  during  machining.  The  only  difference  between  the  two  conditions  was  the 
location  of  the  defect  in  the  specimen.  In  the  as-received  case,  the  defects  are  located  at  the 
edge/chamfer  (see  Figure  1),  but  for  the  heat  treatment  specimens  the  defects  are  located  on  the 
tensile  surface,  as  shown  in  Figure  2.  The  reason  for  this  difference  in  flaw  location  is  unknown. 
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Figurel.  FractutB  surface  of  an  a»<ecetvedspedmea  TTie  arrowheads  indicate  the 
machining  damage  on  the  chamfer.  The  srnal  arrows  outline  the  sernl  oiptical  crack 
created  by  the  machining.  Fracture  stress  »  1732  MPa  T*  denotes  tensile  surface. 


FigureZ  Fracture  urface  of  a  specimen  after  100  hours  at  IOOOFC.  Whitearrows 
indicate  the  machining  damage  on  the  tensile  surface.  Black  arrow  heads  outline 
the  semi-eMptical  cracks  that  were  created.  Large  black  arrows  outiine  the  mirror 
region.  Fracture  stress  =  1552  MPa  T*  denotes  tensile  surface. 
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The  average  grain  size  of  the  zirconia  and  alumina,  in  the  as-received  conditions,  was  0.4 
;im  and  0.6  /tta,  respectively.  No  grain  growth  occurred  for  either  material  as  a  result  of  the 
heat  treatment.  Figure  3  is  an  example  of  the  microstructure  of  this  material. 


Figures.  Micrograph  of  the  microstructure.  Black  grains 
are  alumina  and  the  grey  grains  are  zirconia 

A  comparison  of  these  properties  with  those  of  the  Y-TZPs  previously  examined^  shows  that 
this  TZP/AI2O3  is  signiOcantly  stronger  but  its  toughness  is  only  average.  The  strongest  mono¬ 
lithic  Y-TZP  in  Reference  1  is  HIPed  and  has  strength  of  1261  MPa  (Kc  =  5  MPa*v'm  and 
grain  size  =  0.4  ftm)  while  the  toughest  was  sintered  and  has  a  Kc  =  8.5  MPa*Vm  (<7  =  633 
MPa  and  grain  size  =  0.6  /zm).  The  high  strength  and  average  toughness  for  this  composite  is 
not  surprising  since  fine  grains,  HIPing,  and  the  addition  of  AI2O3  have  all  been  shown  to  lead 
to  high  strength  values.  The  low  toughness  is  an  indication  that  the  Zr02  grains  are  well  below 
the  critical  size  necessary  to  maintain  the  tetragonal  phase,  and  the  critical  stress  necessary  for 
transformation  is  high. 

Static  Fatigue  Life 

The  static  fatigue  life  between  800°C  and  1200°C  was  determined  before  and  after  heat 
treatment  (see  Figure  4).  In  both  cas.es  the  static  fatigue  life  decreases  as  the  temperature 
increases.  This  is  not  unexpected  since  as  the  temperature  approaches  llOO^C  (the  approxi¬ 
mate  temperature  at  which  the  tetragonal  phase  is  stable),  the  driving  force  for  the  tetragonal- 
to-monoclinic  transformation  gradually  decreases. 

Between  800°C  and  1000°C  the  material  in  the  as-received  condition  performs  slightly  better. 
This  may  be  due  to  the  compressive  stresses  created  in  the  surface  during  machining.  As  stated 
previously,  thermal  relaxation  of  these  stresses  is  a  time-dependent  process^  and,  in  this  study, 
exposure  times  are  modest.  Above  1000°C  the  performance  is  essentially  the  same  for  both 
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conditions.  Because  the  tetragonal  phase  is  becoming  increasingly  stable  as  the  temperature 
increases,  the  strength  at  temperature  becomes  dependent  upon  the  microstructural  parameters 
such  as  grain  size  and  grain  size  distribution.  Since  these  parameters  remain  constant  even  after 
heat  treatment  the  performance  is  expected  to  be  similar. 


450* 


Figure  4.  STSR  results  before  heat  treatment  (as-received)  and  after  exposure  to  1000°C  for  1000  hours. 

Fractographic  analysis  indicates  that  during  the  first  three  steps  of  this  test  fracture  initi¬ 
ates  at  damage  created  during  machining  (see  Figure  5).  Starting  at  1100°C  the  failure  mech¬ 
anism  changed  to  slow  crack  growth  which  is  presumed  to  have  started  from  the  machining 
damage,  as  seen  in  Figures  6  and  7.  This  is  the  case  for  both  conditions.  To  the  author’s 
knowledge,  this  is  the  first  instance  where  slow  crack  growth  has  been  reported  in  zirconia- 
based  ceramics.  Permanent  strain  was  measured  on  specimens  which  survived  into  the  1100°C 
and  1200°C  steps.  This  value  ranged  from  a  low  of  0.27%  at  1100°C  to  a  high  of  4.7%  at 
1200°C.  No  permanent  strain  was  noticeable  for  either  condition  below  1100°C. 

Several  of  the  Y-TZPs  tested  in  Reference  4  have  similar  Zr02  grain  sizes,  but  the 
two-  to  three-fold  improvement  in  the  static  fatigue  life  of  this  material  appears  to  be  the 
result  of  the  very  small  flaws  and  the  addition  of  the  AI2O3.  The  best  Y-TZP  tested  in  Ref¬ 
erence  4  failed  from  large  porosity  related  flaws.  Plastic  deformation  was  evident  at  tempera¬ 
tures  above  1100°C  but  no  slow  crack  growth  was  observed. 
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Figure  5.  Fracture  surtace  of  an  STSR  speciman  which  failed  after  0.1  hours  at 
K^C  under  650  MPa  applied  stress.  Surface  machining  damage  is  noted  by 
the  arrowhead  and  the  semi-elliptical  crack  by  the  small  white  arrow.  Large  white 
arrows  outline  the  mirror  region.  *T*  denotes  the  tensile  surface. 


Figures.  Slow  crack  growth  region  on  an  as-received  specimen  which  failed  after  0.3 
hours  at  1200°C  under  a  450  MPa  applied  stress.  T*  denotes  the  tensile  surface. 


Although  the  static  fatigue  life  of  this  material  is  markedly  better  than  the  Y-TZPs  pre¬ 
viously  tested,^’**  it  is  still  below  the  strength-at-temperature  requirements  (>800  MPa  at 
>982°C)^^  for  advanced  engines. 
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Figure  7.  Slow  crack  growth  region  on  a  specimen  which  failed  after  six  hours  at 
1 1 0O^C  under  a  500  MPa  applied  stress.  Specimen  was  heat  treated  for  1 00 
hours  at  1000°C  before  STSR  testing.  *T'  denotes  the  tensile  surface. 

CONCLUSIONS 

The  room  temperature  flexure  strength  of  a  TZP/AI2O3  ceramic  was  determined  to  be 
1838  MPa  with  a  strength  decrease  of  18%  after  100  hours  at  1000°C.  Even  with  this 
strength  decrease  it  was  still  the  strongest  zirconia  ceramic  tested  by  this  laboratory.  Room 
temperature  fracture  toughness  was  determined  to  be  =5  MPa*Vm  before  and  after  the  heat 
treatment.  This  value  is  about  average  for  a  transformation  toughened  zirconia. 

The  static  fatigue  life  between  800°C  and  1200°C  was  also  examined  in  this  study.  At 
temperatures  below  1100°C  fracture  was  controlled  by  machining  damage.  At  1100°C  and 
higher  slow  crack  growth  became  the  dominant  failure  mechanism.  The  behavior  was 
significantly  better  than  monolithic  Y-TZP  materials  but  it  still  fell  short  of  the  strength-at- 
temperature  requirement  for  use  in  advanced  engines. 
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